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Protocol
========

1. *C. albicans* Growth and Conditions
--------------------------------------

1.  Prepare SC-Ura agar plates by adding 6.9 g yeast nitrogen base without amino acids, 1 ml 1 M NaOH, 10 ml 1% (w/v) adenine hemisulphate salt and 20 g technical agar (previously described in detail in ^11^). Make up volume to 900 ml with distilled H~2~O. Autoclave, allow agar to cool, but not enough to solidify, and then add 50 ml sterile 40% D-glucose and 50 ml sterile 4% SC-Ura dropout under aseptic conditions. Mix, pour into Petri dishes and leave agar plates to cool and solidify. Store agar plates at 5 °C until use.

2.  Streak *C. albicans* serotype A strain CAI4+CIp10 from glycerol stocks stored at -80 °C onto SC-Ura agar plate.

3.  Incubate plate at 30 °C until colonies form and store at 5 °C.

4.  Culture a single*C. albicans*colony in 5 ml SC-Ura medium (recipe as in 1.1, but without technical agar) and incubate overnight at 30 °C, 200 rpm to generate stationary phase *C. albicans*.

2. *C. albicans* Staining Using Fluorescein Isothiocyanate (FITC)
-----------------------------------------------------------------

1.  Add 10 μl *C. albicans*overnight culture to 990 μl PBS (pH 7.4) and perform a cell count using a haemocytometer.

2.  To aid visualization of *C. albicans*during phagocytosis assays, stain 1 × 10^8^ *C. albicans*using 1 mg/ml FITC in 0.05 M carbonate-bicarbonate buffer (pH 9.6) for 10 min at room temperature in the dark.

3.  To remove unbound FITC, wash *C. albicans* in 1 ml 1 x PBS, centrifuge at 3,000 × g for 5 min, remove supernatant and resuspend pellet in 1 ml 1 x PBS. Repeat 3 times.

4.  Resuspend pellet at 1 × 10^6^ cells/μl in 1 x PBS.

3. Preparation of the J774.1 Mouse Macrophage Cell Line
-------------------------------------------------------

1.  Maintain J774.1 macrophages in 75 cm^2^ tissue culture flasks in DMEM medium supplemented with 10% (v/v) fetal calf serum (FCS), 200 U/ml penicillin/streptomycin and 2 mM L-glutamine at 37 °C with 5% CO~2~. The preparation of primary macrophages is described elsewhere in detail ^12,\ 13^.

2.  Scrape J774.1 cells from the tissue culture flask and transfer to a 50 ml Falcon tube. Centrifuge at 600 × g for 5 min to obtain a cell pellet.

3.  Remove supernatant and resuspend pellet in 10 ml pre-warmed supplemented DMEM medium. Count cells using a haemocytometer and plate 1 × 10^6^ J774.1 macrophages in 2 ml supplemented DMEM medium in a 35 mm glass-based imaging dish. Incubate overnight at 37 °C, 5% CO~2~.

4.  Prior to imaging, replace supplemented DMEM medium with 2 ml pre-warmed supplemented CO~2~-independent medium (with 10% (v/v) fetal calf serum (FCS), 200 U/ml penicillin/streptomycin and 2 mM L-glutamine) containing 1 μM LysoTracker Red DND-99.

4. Live Cell Video Microscopy Phagocytosis Assay
------------------------------------------------

1.  The choice of microscope will depend upon what is available locally, but the microscope setup will need to include an inverted stage, an environmental chamber heated to 37 °C and excitation/emission filters for the chosen stains (FITC and TRITC).

2.  Turn on the microscope heater prior to the experiment and allow sufficient time for the environmental control chamber to warm to 37 °C. The time taken for chamber temperature to stabilize will vary for different microscope setups.

3.  Turn on the microscope and computer, and load the imaging software. Mount the imaging dish on the microscope stage and adjust the focus to find the J774.1 macrophages. Optimize the appearance of TRITC and DIC images by adjusting the percentage of transmitted light and exposure times.

4.  Remove the imaging dish and add 3 × 10^6^ FITC-stained *C. albicans*to the dish. Record the time that *C. albicans*is added to the dish. Return the dish to the stage and optimize the appearance of FITC images if necessary. Set up a points list if required.

5.  Commence imaging when all points are in focus and the channels are optimized. Capture FITC, TRITC and DIC images every minute for 6 hr.

Representative Results
======================

Here we show representative results for *C. albicans*uptake by a murine macrophage cell line J774.1 during a 6 hr live-cell video microscopy experiment. **Figure 1** is a representative live-cell video microscopy movie, showing phagocytosis of *C. albicans*by murine J774.1 macrophages. Live-cell video microscopy enables internalization of *C. albicans*to be visualized without the need to stain external *Candida.*However, during these experiments, *C. albicans*was stained using the pH-sensitive dye FITC (green), which is quenched during acidification of the macrophage phagosome, and facilitates confirmation that *Candida*has been internalized (**Figure 1**). To further aid visualization of ingested *C. albicans,* macrophages were stained using the red fluorescent dye LysoTracker red DND-99, which stains acidic compartments and serves as a non-specific marker of phagosome maturation. **Figure 2** is a still image from a live-cell video microscopy experiment and illustrates the variation in the number of *C. albicans* ingested by individual J774.1 macrophages. In this experiment, 82% of J774.1 macrophages engulfed at least one *C. albicans*cell at the end of the 6 hr phagocytosis assay. In **Figure 3**, the number of internalized *C. albicans* cells per macrophage is reported. The mean number of *C. albicans*taken up per macrophage is 3.4, but interestingly macrophages can ingest up to 16 fungal cells. **Figure 4** is a sequence of still images from a representative live-cell video microscopy experiment showing a macrophage phagocytosing *C. albicans* cells, hypha growth with the macrophage and ultimately macrophage lysis. **Figure 4** illustrates that video microscopy enables analysis of events following engulfment of target cells, *i.e.* data can be generated for the killing of macrophages by *C. albicans* hyphae in relation to the number and morphogenesis of ingested target cells, and how macrophage killing relates to phagosome maturation which can be studied in real time.

**Figure 1.**Live-cell video microscopy movie showing phagocytosis of *C. albicans*by murine J774.1 macrophages. Macrophages are stained using the red fluorescent dye LysoTracker red DND-99, and *C. albicans*are stained using FITC (green). Macrophages and *C. albicans*were co-cultured for a period of 6 hr at 37 °C in complete CO~2~-independent medium. Images were captured at 1 min intervals for 6 hr. Macrophages can be seen establishing cell-cell contact with *C. albicans,*which is then followed by uptake of *C. albicans*into macrophage phagosomes. Arrows point to *C. albicans*prior to engulfment by J774.1 macrophages. This video also shows that FITC fluorescence is quenched following engulfment of *C. albicans*. Scale bar, 10 μm. [Click here to view movie](http://www.jove.com/files/ftp_upload/50196/50196fig1.avi).

**Figure 2.** Representative live-cell video microscopy still image showing variation in the number of *C.albicans*engulfed by individual macrophages. Macrophages (stained using LysoTracker red DND-99) were co-cultured with FITC-stained *C. albicans*(green). There is variation in the number of *C. albicans*engulfed (a number next to an arrow indicates the number of *C. albicans*engulfed), and in *C. albicans*morphology (*i.e.* yeast verses hypha). Scale bar, 20 μm.

**Figure 3.** Graph showing the number of *C. albicans*ingested per J774.1 murine macrophage at the end of 6 hr phagocytosis assays. The data represent 2 independent experiments. A total of 100 macrophages were counted from 3 fields from each experiment, giving a total of 600 individual macrophages.

**Figure 4.** A series of images from a representative live-cell video microscopy experiment showing a macrophage (M) and *C. albicans*(C) prior to and during recognition (A, B), and during and after uptake (C, D). *C. albicans*hyphae continue to grow within the macrophage (E, F), which can result in macrophage lysis (G). Other macrophages are recruited to the site of rupture and attempt to ingest the released *C. albicans*(H). Macrophages are stained using the red fluorescent dye LysoTracker red DND-99, and *C. albicans*are stained using FITC (green). Note that FITC staining is quenched following *C. albicans*uptake by J774.1 macrophages (C). Scale bar, 10 μm.

Discussion
==========

Here the method for the use of live-cell video microscopy to study macrophage phagocytosis is described. Video microscopy offers multiple additional layers of information for analysis. One basic advantage is that uptake data can be generated (from a single experiment) for any time point throughout the 6 hr observation period. More importantly, the method described enables differential analysis of the individual stages of phagocytosis. We have, for example, shown that changes in overall uptake of *C. albicans* glycosylation and morphogenesis mutants by macrophage cell lines and primary macrophages can be either a consequence of changes in macrophage migration towards target cells or rate of engulfment once cell-cell contact is established ^7^.

There are a number of pitfalls to avoid when conducting these experiments. First, it is very important to ensure stable environmental conditions throughout the experimental procedure. This is best achieved in an environmental chamber that is set to the experimental conditions several hours before commencing the experiment. Video quality is highly dependent on sophisticated modules that use infrared lasers to automatically maintain the sample z-position regardless of mechanical or thermal changes thus eliminating the need for manual focus corrections.

Given the extended nature of the experiments, it is important to limit laser light exposure and associated photobleaching and photoconversion effects, which can be minimized by employing highly fluorescent markers, which facilitate low exposure times. The FITC staining protocol described here is quick and reliable. As FITC is a very bright and stable stain, low exposure times are required and this makes FITC ideal for extended time-lapse movies. However, we routinely use a variety of different target stains, including Calcofluor White and PKH dyes as well as tagged organisms.

Most of our published work is conducted using a wide-field microscope, but exposure can be further minimized by using a spinning disc confocal microscope and in our hands this is essential for time-lapse 3D video microscopy.

During this study, images were captured at 1 min intervals over a 6 hr phagocytosis assay. The interval between images can be adjusted depending on the process under investigation. For example, the interval can be decreased when investigating rapid processes such as vesicular trafficking. The minimum time interval will be limited by microscope and camera specifications. There are some considerations to bear in mind when adjusting timings. First, decreasing the interval between snapshots will mean fewer points can be imaged and file size will be considerably increased. On the contrary, increasing the image interval too much will make the movie lose continuity.

This approach can be applied in principle to study other pathogens and uptake of dying host cells. For example, we have recently shown that bone-marrow derived macrophages from sialoadhesin-deficient mice exhibit greatly reduced binding and phagocytosis of sialylated *Campylobacter jejuni*^8^. However, target size is an important determinant for feasibility, as image analysis becomes increasingly difficult with a reduction in target cell size. Sophisticated image analysis software is essential for rapid video microscopy analysis, and this should be coupled with appropriate bioinformatics support to facilitate the generation of algorithms to study migration of individual cells and entire cell populations ^7^. Live-cell video microscopy in combination with sophisticated image analysis software for the minute-by-minute analysis of migration and individual macrophage-*C.albicans* interactions, provides unique insight into the complexity of *C. albicans*phagocytosis by macrophages. There is enormous potential to expand these methods to study other pathogens and phagocytes (dendritic cells, neutrophils) and to develop 3D video microscopy to image cell-cell interactions in greater detail or on more physiological surfaces such as epithelial and endothelial cell layers. This technique is part of the next generation of tools in the study of host-pathogen interactions and will help generate detailed spatial and temporal information on a broad range of dynamic processes.
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